Peatlands in Ireland have been subject to peat extraction and drainage for many years, with detrimental effects on the fl ora and fauna of the ecosystem. Blanket bog has been listed for protection under Annex 1 of the EU habitats directive, making the conservation of intact bogs as well as the restoration of degraded sites a priority. In order to assess how effective a restoration measure this has been it is important to look at the biodiversity within the site. This study compared the macroinvertebrate and microcrustacean communities in open-water habitats of an intact and a restored mountain blanket bog in County Wicklow over a number of seasons. It also examined the hydrochemistry of both treatments. Hydrochemically there was no difference between the restored and intact pools. Neither was there any signifi cant difference between the two in terms of taxon richness, abundance, community composition or structure. Season was found to significantly affect the structure of the invertebrate communities in both areas. It is not known how long it takes a peatland to return to its natural state. However, we can conclude that the restoration measures implemented fi fteen years ago have provided an aquatic habitat similar to that of the intact site.
INTRODUCTION
Peatlands form an integral part of the Irish landscape, covering 17% of the total land surface of the island; consequently, Ireland is classified as one of the predominantly peat covered regions in the world, surpassed proportionally by only Canada and Finland (Doyle 1990 ). These ecosystems are ecologically and historically important in terms of the natural and national heritage of Ireland. Not only do peatlands sustain a rich and very unique range of habitats but they also play an important role in the global carbon cycle. At present peatlands store approximately one-third of the world's soil carbon (Doyle 1990; Joosten and Clarke 2002) making them a very important carbon sink that must be included in the world's carbon budget.
Throughout Europe the vast majority of peatlands have been damaged and degraded by man in order to extract fuel or reclaim land for agricultural activities or afforestation (Doyle 1990) . Peatlands are 90% water, and the position of the water table within a peatland controls the balance between the accumulation of dead organic matter that leads to peat formation and the decomposition of that matter (Holden et al. 2003) . Disturbances that affect the water table, for example drainage channels, cause in some cases irreparable damage to the whole ecosystem, resulting in peat subsidence and cracking (Holden et al. 2003; Crushell 2008 ) and the loss of bog pools. Bog pools are very fragile and vulnerable to disturbance and so are unlikely to return to natural conditions without some rehabilitation measures being put in place to encourage the stabilisation and raising of the water table (Mazerolle et al. 2006) .
The value of peatlands as wildlife habitats is now internationally recognised, and blanket bog is listed for protection in Annex I of the EU Habitats Directive, which means that EU member states must protect the best representative examples of blanket bog habitat in Special Areas of Conservation (SACs). In response to this, Irish peatlands have undergone some rehabilitation in recent years in an attempt to reverse or at least halt the degradation caused by drainage, peat extraction and reclamation (Holden et al. 2003) . Restoration efforts focus on restoring the physiochemical conditions required for the development of plant and animal communities (van Kleef et al. 2006 ) by blocking drains (Holden et al. 2003; Wallage et al. 2006; Worrall et al. 2007) . Most research on the effectiveness of such restoration efforts describe the recovery of physio-chemical conditions and the re-establishment of plant communities (WindMulder et al. 1996; Wallage et al. 2006; Worrall et al. 2007) , while relatively few studies have considered how the aquatic macroinvertebrate communities react to restoration measures (van Duinen et al. 2002; 2003a; 2003b; Mazerolle et al. 2006; van Kleef et al. 2006) . In fact in Ireland there is a paucity of studies on the invertebrate communities of peatlands in general (Higgins 1984; Reynolds 1984; 1985; Good 1985; Speight et al. 2000; Nelson 2005) . Peatland habitats have also been incorporated in numerous studies that describe the distribution of different invertebrate groups in Ireland and Northern Ireland (Foster et al. 1992; Nelson et al. 1998; Nelson 2005) . Only a small number of studies have described the communities of restored sites (O'Connor et al. 2000; Trodd 2003; Higgins et al. 2007) . In the present study aquatic invertebrates were chosen as the ecological indicator in order to assess the success of the restoration measures employed at Kippure/Liffey Head blanket bog in County Wicklow.
MATERIALS AND METHODS

STUDY SITE
The study sites were located in the Kippure/Liffey Head bog in the Wicklow Mountains (53º09′ N, 6 º17′ W). The bog is traversed by the military road that was constructed in 1802, which allowed easier access to the bog and so opened the area up to exploitation. Drainage of the bog began around this time. Peat extraction was mainly carried out by local people on a small scale; however, during World War II (1939 II ( -1945 some areas were subject to heavy peat extraction. It was at this time that preparatory drains were cut across other areas of the bog to eventually allow for mechanical peat extraction to take place. However, the area was never subjected to extensive peat extraction. Drain cutting was carried out again in the mid1980s, but again no peat extraction was carried out. Each ditch was up to 400m long, connecting into a main ditch at either end. The peat is of varying depths from 2.7m to 4.9m, with underlying porphyritic granite (Ryan 1992) . Restoration of this site was initiated over fifteen years ago, during which drainage ditches were blocked and filled in with peat blocks sourced from the area. Prior to the present study no measure of the outcome of these efforts was made. Three pools from a restored area and three from an intact area of the bog were used in this study. The natural pools served as a benchmark to gauge the success of the restoration. Drainage ditches were not examined in the present study. The exact location of each study pool was recorded using a hand-held GPS (Table 1) .
MACROINVERTEBRATE AND MICROCRUSTACEAN SAMPLING
Macroinvertebrate communities were sampled using two methods: sweep nets and activity traps. Three, one-meter sweep samples were taken using a standard pond net with a mesh size of 1000µm 2 from the perimeter of the pools. Five horizontal activity traps, baited with cat food, were set around the perimeter of each pool and collected after 48 hours. Activity traps were used to catch the more mobile invertebrates swimming in the water column and followed the methodology developed by Becerra-Jurado et al. (2008) . All samples were preserved in 70% alcohol before being sorted in the laboratory. The macroinvertebrates were identified to the lowest possible taxonomic level. Alkalinity was measured using the Gran titration methodology (Mackereth et al. 1978 
STATISTICAL ANALYSES
Macroinvertebrate data A three-way ANOVA was used to test for differences in taxon richness and abundance across seasons, treatments and sampling methods using SPSS 15 computer programme. Where the ANOVA assumptions of normality and homogeneity of variance (HOV) were not met, the data were transformed using square root +1. If this failed to achieve HOV, a more stringent P-value was used to determine significance (P < 0.01). A two-factor crossed PERMANOVA with treatment and season as factors was used to identify any differences in community composition and structure. Where a difference in composition or structure was identif ied SIMPER (similarity of percentages) analysis was used to determine which taxa were responsible for the differences. Multidimensional scaling plots were constructed to give a visual representation of how similar the pools from each treatment and season were to each other using Primer 6 (Clarke and Warwick 2001; Clarke and Gorley 2006) .
Microcrustacean data
As different volumes of samples were processed for different sites, all abundance values were standardised to units per 100ml before being statistically analysed. A two-way ANOVA with both season and treatment as factors was used to test for differences in taxon richness and abundance. As with the macroinvertebrate data, a two-way crossed PERMANOVA was used to detect differences in community composition and structure.
Hydrochemical data A two-way ANOVA, with treatment and season as orthogonal, fixed factors was also applied to the hydrochemical data. To achieve normality and homogeneity of variance, the data were transformed using log e +1. Where homogeneity was not achieved by this method a more stringent P-value (P < 0.01) was used to determine significance. A PCA-plot was generated between treatments and ions using the CAP 4 programme.
RESULTS
A total of 28 taxa were found across both site types and methods (Table 2) . Twenty-four taxa were found in the restored pools compared to 21 in the controls (Table 3 ). The community was dominated by Diptera (63% -67%) in both sets of pools with Tanypodinae, Orthocladiinae, and Chironominae, accounting for over 90% of the total dipterans recorded. Other groups were recorded in smaller numbers including Ephemeroptera (16% -21%), Trichoptera (9% -14%), Odonata (1% -4%), Coleoptera (0.8% -0.9%) and Hemiptera (0.3%) in both sets of pools.
Higher taxonomic richness was recorded from the sweep sampling than activity traps (F 1,24 = 128.93, P < 0.05). No seasonal or treatment effects were identifi ed (Fig. 1) . With regards to average taxon abundance there was a signifi cant interaction between season and method (F 2,24 = 9.1, P < 0.01). Further analysis showed that sweep netting caught signifi cantly more individuals than the activity traps in every season, with the highest abundance being caught in spring 2008 ( Fig. 2A and B) .
Of the ten taxa found in the activity traps, seven were also found in the sweep netting. Only three species were unique to activity traps: Dytiscus marginalis Linnaeus, which was found in a restored pool in autumn 2006 and spring 2008; Ilybius aenescens Thomson, which was found in both sites in all seasons; and Sympetrum danae (Sulzer), which was found in a restored pool in autumn 2006. As the majority of the taxon richness and abundance was captured using sweep netting, the remainder of the analysis was conducted on the sweep netting data.
Across all seasons a total of ten microcrustacean taxa were recorded in restored pools, while sixteen were recorded in intact sites (Table 4) . Chydorus sphaericus (Müller) and Alonella nana (Baird), dominated both areas. However, in autumn 2006 in the restored pools 7 species were recorded while 13 were captured in the intact pools, while in spring 2007 only 8 species were found in the restored pools, with 10 being recorded in the intact pools. Four species captured in the intact pools and two species in the restored pools were rare occurrences. Neither treatment nor season had any effect on taxon richness or abundance.
COMMUNITY COMPOSITION AND STRUCTURE
Neither season nor treatment was found to have a significant effect on macroinvertebrate Table 2 -Checklist of taxa found in both restored and intact sites using sweep and trap sampling (n/a = not applicable). (Fig. 3) .
Family Subfamily/species Restored Intact Method
In terms of the microcrustacean communities, treatment had no effect on community composition or structure. However, season did affect the structure of the microcrustacean communities, with Alonella nana (Baird) and TOC were the dominant ions present in both pool types. There were no significant differences in ion concentrations between the treatments; however, there was a seasonal effect on some ions. Concentrations of Cl − and Na + were at their lowest in autumn 2006, while levels of SO 4 2− were significantly lower in spring 2007 than in any other season. Spring 2007 also had the highest levels of Ca 2+ found in any season. The PCA plot below shows grouping of both pool types on a seasonal basis with no distinct separation of the restored and intact pools (Fig. 4) . Both treatments in autumn 2006 were strongly inf luenced by total organic carbon, while in spring 2007 they were inf luenced by Ca 2+ .
DISCUSSION
Bog pools take hundreds of years to form (Belyea and Lancaster 2002) and so are very vulnerable to any change in the peatland system. Drainage leads to a lowering of the water table, which increases aeration within the top peat layers and can also lead to mineralisation within the peat (Holden et al. 2003) . It also leads to the loss of bog pools, which are of vital importance for biodiversity as they serve as breeding sites for some arthropod species and migratory halts for birds (Mazerolle et al. 2006 ). Changes to the structure and functioning of the peatland can be irreversible, and simply rewetting the drained land will not guarantee that the original pool invertebrate communities will return (Grootjans et al. 2006) . The two main goals of peatland restoration are to re-establish and stabilise a high water table and to encourage the growth of peat-forming plant species such as Sphagnum (Holden et al. 2003) . The literature reports various methods to restore peatlands. Some approaches simply involve blocking the drainage ditches and allowing the peatland to rewet (van Duinen et al. 2002; Farrell and Doyle 2003) . For severely damaged peatlands, drain blocking is coupled with the introduction of bog plants or the application of straw or fertiliser (Ferland and Rochefort 1997; Quinty and Rochefort 2003; Mazerolle et al. 2006) . The simple approach of drain blocking was used in the Liffey Head bog, and the present study is the fi rst evaluation of the outcomes for bog pool fauna.
Most studies focus on the re-establishment of physio-chemical conditions and vegetation communities, with few assessing the recovery of the invertebrate fauna (Wind-Mulder et al. 1996; Farrell and Doyle 2003; Wallage et al. 2006; Worrall et al. 2007) . In this study all pools were hydrochemically typical of an ombrotrophic blanket bog, i.e. low pH, zero alkalinity, low conductivity and low concentrations of the major ions. The bog derives its nutrients predominately from precipitation. Along with being acidic, droughts are a very common feature in temporary aquatic systems and can be a feature of restored bog pools. During dry periods the water table in the peatland can drop due to increased evaporation. This puts the whole system under pressure and exposes the biota to adverse conditions such as low levels of dissolved oxygen (Otermin et al. 2002) before the stream or pool dries up completely. The fl uctuations in mineral concentrations observed in this study are therefore most likely to be due to precipitation patterns. Other studies have also found that concentrations of some nutrients, for example Cl − and Na + , were lower during drier times of the year (Gorham 1956) .
In terms of the biota, the community composition and structure were found to be similar between restored and intact pools. Both pool types were structurally dominated by Diptera, while taxa that are known to be tolerant of the acidic and nutrient-defi cient conditions found in an ombrotrophic bog were also present. Both Callicorixa praeusta, which is generally a lowland hemipteran species, and Callicorixa wollostoni, which prefers high altitude conditions (Savage 1982) , were found in the same site. This may be an indication that with the effects of global warming, high-altitude species are being replaced by lowland species (Oertli et al. 2008) . Only nine species of Coleoptera were found all of which were present in the restored site and are common in Ireland. Though none of the microcrustacean species was noted as rare, some are known to be acidophilic, for example Chydorus ovalis, Acantholeberis curvirostris, Alona rustica, Alonella excisa and Streptoleberis serricaudatus (Dole-Olivier et al. 2000) .
The harsh conditions in such acidic environments require taxa to have a specially adapted life history or to have the ability to adapt behavioural characteristics to ensure survival in less than optimal conditions (Downie et al. 1998; Otermin et al. 2002) . Disturbance like peat draining or extraction, regardless of the extent, can change or remove parameters needed by a species to survive in that habitat causing that species to disappear. This allows an organism with a more suitable life history or one that is more tolerant to the disturbance to use the habitat (Townsend and Hildrew 1994) . Many of the taxa recorded in bogs have specifi c habitat requirements, such as acidic or nutrient-poor conditions to complete their life cycle (Spitzer and Danks 2006) . For example the odonate, Sympetrum danae, is known to favour wetlands and moorlands (Spitzer and Danks 2006) , as a result it is at risk from drought at certain times of the year. To overcome the risk of the habitat drying out and the increased risk of predation faced by this species, it has developed a fast life style ( Johansson 2000) , which means a shorter larval period and a univoltine cycle. Studies have also shown that the structure of the peatland pool can infl uence the communities present, for example Foster (1995) found that the steep-sided edges of pools were dominated by large beetle species and odonate nymphs, while the smaller hydroporinae species were more common in shallower pools. Pool depth was not an issue in this study as all pools in both treatments were of similar depth.
Season was the highlighted as the main factor infl uencing macro-and micro-invertebrate community structure and concentrations of certain minerals and nutrient; however, as samples were taken across different calendar years the possible effect of year cannot be ruled out. The observed differences in the biotic assemblages may be due to a number of factors, including life cycle and food availability. As mentioned previously, Leptophlebia vespertina is generally the only ephemeropteran species found in bog pools. It has a univoltine life cycle with distinct seasonal patterns. Only one brood of offspring is produced each year and it overwinters as larvae. Adults are found from April to August, being most abundant in spring, but they can be completely absent from the community by the end of July (Elliott et al. 1988; Kelly-Quinn and Bracken 2000) . Alonella nana and Chydorus sphaericus were at their highest abundance during spring, which is similar to the fi ndings of previous studies (Goulden 1971; Whiteside 1974) . A number of factors were put forward by Goulden (1971) to try and explain the spring peak observed for a number of cladoceran species, including food supply, temperature, adverse chemical environments and factors such as predation or competition. He concluded that the chydorid numbers were being controlled by predation from Tanypodinae midge larvae, which were rare or absent during the spring, when chydorid abundances were high (Goulden 1971). Food availability is another factor that may account for seasonal changes. Previous studies state that food availability is not considered to account for lower abundances of certain microcrustacean species in autumn (Goulden 1971; Whiteside 1974) . Other signifi cant seasonal changes may be hidden due to the fact that the Diptera were not identifi ed to species level.
As mentioned above, many parts of the study site were never actually subjected to extensive extraction and in some cases extraction was not carried out at all. It is strip cutting that causes the most severe hydrological and ecological degradation due to a totally bare peat surface (Grootjans et al. 2006) . Extraction leaves exposed peat consisting of remnants of the catotelm, which is the fi rm and decayed layer underneath the less decomposed top layer. If this is the case, species such as Sphagnum cannot grow and will be replaced by grasses such as Molina caerulea (Grootjans et al. 2006) . However, in the case of the Wicklow site, the top layer of peat may have never been stripped and such extreme conditions may never have been reached, allowing for successful restoration. The proximity of natural pools in the intact sections of the bog may have facilitated colonisation of the restored pools. Other studies have found that four years after restoration, man-made pools were still not completely characteristic of natural bog pools; however, vagile coleopteran bog species such as Acilius sp. and Dytiscus sp. were readily colonising the man-made pools (Mazerolle et al. 2006; Mazerolle and Poulin 2007) . In van Duinen et al. (2007) , the authors argue that in order to completely evaluate the success of bog restoration in terms of aquatic macroinvertebrates it is vital that more sedentary taxa that have low colonisation rates, such as caddis fl ies and small beetles, are examined along with the more free-moving species. Layton and Voshell (1991) found that the sequence of colonisation in experimental ponds was Diptera, Coleoptera, Ephemeroptera and Odonata, with Chironomidae dominating the community structure. The pools in the present study support this complement of taxa. While macroinvertebrates can be slow to recolonise, microcrustaceans have a less complex life cycle and high dispersal rates so they can colonise an area quite quickly (van Duinen et al. 2003a; Verberk et al. 2007) . A number of studies have found that many microcrustacean species colonised artifi cial or experimental pools within several days or weeks after the experiment began (Cáceres and Soluk 2002; Cohen and Shurin 2003) . Zooplankton can be dispersed through a number of mechanisms, the main ones being wind, rain and animal vectors (Cohen and Shurin 2003) . It is therefore not surprising that the restored pools in the Liffey Head bog have a microcrustacean community similar to the natural pools.
It is not possible to say how quickly the pools were recolonised to the state reported in this paper. Long-term monitoring of newly restored habitat with appropriate controls for comparison is necessary to describe the colonisation patterns. Though limited to only one study site in Wicklow, we can conclude from this study that the restoration measures that were initiated on this site some fi fteen years ago with the blocking of drains have provided habitat for aquatic invertebrates that is comparable to natural pools. Further replicated studies of this nature are required to validate the results in other locations.
